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Abstract 
Mucopolysaccharidosis IIID results from the deficiency of N-acetylglucosamine 6-sulfatase activity. A Nubian goat with this 
lysosomal storage disease has been identified. As a first step in developing this animal model for testing treatment methods, we cloned 
and sequenced the caprine N-acetylglucosamine 6-sulfatase cDNA coding region. Overall there is 88% nucleotide homology between the 
goat and human sequence and 94% homology of the deduced amino acid sequence. The human and two ruminant species differ by the 
presence of an imperfect trinucleotide (CCG) repeat in the ruminant signal sequence. 
Kevwords: Caprine; N-Acetylglucosamine 6-sulfatase; cDNA; Mucopolysaccharidosis IIID; Comparative genomics; Trinucleotide repeat; (Human) 
The mucopolysaccharidoses (MPS) are lysosomal stor- 
age diseases characterized by inherited deficiencies of 
lysosomal enzymes which degrade glycosaminoglycans. 
Ten different enzyme deficiencies that result in MPS disor- 
ders have been identified; four of these enzymes are 
glycosidases, five are sulfatases and one is a non-hydro- 
lytic transferase. Animal models of four of the human 
MPS have been described. One of these models is caprine 
N-acetylglucosamine 6-sulfatase (G6S, EC 3.1.6.14) defi- 
ciency [1] which represents the only animal analog of 
Sanfilippo D syndrome (MPS IIID). 
The goat with MPS IIID demonstrated delayed motor 
development and growth retardation but reached sexual 
maturity before dying suddenly at 19 months of congestive 
heart failure [1]. Biochemical and histochemical nalyses 
showed increased urinary accumulation of heparan sulfate 
and free N-acetylglucosamine sulfate with glycosamino- 
glycan storage in the liver. GM 3 ganglioside accumulation 
was demonstrated in the brain. Cloning and sequencing of 
the G6S cDNA was undertaken for development of this 
animal model for testing of treatment strategies. 
~ The sequence data reported in this paper have been submitted to the 
EMBL/GenBank Data Libraries under the accession umber U17694. 
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Human G6S cDNA has been isolated and sequenced for 
the entire coding region of this geae product [2,3]. The 
human cDNA was used to isolate and sequence the goat 
cDNA. 
The goat cDNA was obtained by combining two ap- 
proaches. The major portion of the cDNA was obtained by 
screening a custom made AZAP caprine kidney cDNA 
library (Clontech) using two human G6S probes. Four 
clones were isolated using a 1700 bp fragment of a human 
G6S clone [2], but none of these clones contained 5' end 
coding information. Therefore, to obtain clones represent- 
ing additional 5' sequence, a 400 bp human amplicon of 
the 5' coding region [3] was used as a probe to isolate three 
more clones. These clones provided partial additional 5' 
end information. All clones were :~equenced from both 
strands and assembled into a consen,;us equence. In total, 
library screening yielded 80% of the coding sequence and 
708 bp of the 3' untranslated region. 
Since the clones did not extend to the extreme 5' end of 
the coding region or the 5' untran,;lated region, the se- 
quence of this region was obtained using RT-PCR. Total 
RNA was obtained from goat brain following necropsy 
and prepared using standard techniques [4]. First strand 
cDNA synthesis was performed using Moloney Murine 
Leukemia Virus Reverse Transcripta~,;e (Gibco BRL) using 
antisense primers determined from the cloned goat se- 
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Human CCCCGGAGCCTGTCCGCTATGCGGCTCCTGCCTCTAGCCCCAGGTCGGCTCCGGCGGGGCAGCCCCCGCCACCTGCCCTCCTGCAGCCCA 
I I I I l l l l l l l ] l l  II i l l l l l  I I I I I  I I I I  I I I l [ l l  I I I I l l l l l l  [ll l l l l l l [ l l l l l l l l l l l l l  I I I I I I I I  
Goat CCCCGGAGCCTGTCTGCCATGCGGTTCCTGTCTCTGGCCCCAGATAGGCCCCGGCGAGGCGGCCCCCGCCACCTGCCCTCCGGCAGCCCA 
14 R F L S L A P D R P R R G G P R H L P S G S P 
90 
24 
GCG . . . . . . . . . . . . . . . .  : . . . .  CT GCT/~CTGCT GGT Gr-TGGGCGGCT GCCTGGGGGT CTTCGGGGT GGCTGCGGGAA(~CCGGAGGCCC 
I l l  II II I I I I l l  I I I I  II II I I I I l l l l l l l l l  l l l l l  I I I  I l l  I I l l l l l l l l  
91 GCGCCACCGCCGCCGCCGCCGCTGCTTCTGCTGCTGCTGCTAGGTGGTTGCCTGGGGGTCTCCGGGGCGGCGAAGGGCTCTCGGAGGCCC 
A P P P P P P L L L L L L L G G C L G V S G A A K G S R R P 
180 
54 
AACGTGGTG~-TGCTCCTCA(:GGACGACCAGGACGAAGTG(~TCGGCGGCA'r GACACCACT/~.A~CC/~GCT CTCAI"CGGAGAGATG 
I I I I I I I l l l l l  I I I I I I I  I l l l l l l l l l l l l l [ l l l l l l l l l l l l l l l l l l l l  I I I I I I I I I I I  I I I l l l l l  l l l f l  I l l  
181 AACGTGGTGCTGGTTCT CGCTGATGACCAGGACGAAGTGCTCGGCGGCATGACACCACTGAAGAAAACCAAGGCT TCATTGGAGAAATG 
N V V L V L A D D Q D E V L G G 14 T P L K K T K A L I G E 14 
270 
84 
GGGATGACT'r TTTCCAGTG(:TTATGTGCC/~,AGTGCTCTC'~GCT GCCCCAGCAGAGCCAGTATCCTGACAGGAAAGTACCCACATAATCA'T 
II I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  III I l l l l l l  I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I  
271 GGAATGACTTTCTCCAGTGCTTATGTGCCAAGTGCTCTCTGCTGCCCGAGCCGAGCCAGCAT CCTGACAGGGAAGTACCCACATAATCAT 
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361 CACGTGGTTAACAACACTCTGGAGGGAAACTGCAGTAGCAAGTCTTGGCAGAAGAT CCAGGAACCGAATACTTTCCCAGCAATCCTCAGA 




l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I  111111 
/.51 TCAAT GTGTGGTTATCAGACCTTTTTTGCAGGGAAATACTTAAAT GAGTATGGAGCCCCAGATGCAGGTGGACTCGGACACGT CCCTCTG 
S 14 C G Y Q T F F A G K Y L N E Y G A P 0 A G G L G H V P L 
540 
174 
GGTTGGAGTTACTGGTAT GCCTTGGAAAAz~kATTCTAAGTATTATAATTACACCCTGT C ATCAATGGG/~AGGCACGGAAGCAT GGTG/U~ 
II I I I l l l l l l l l l l l l l l  I I l [ l l l l l l l l l l t l l  I I I I I  I! I I I I I  II I I I I I I I I  l l l ] l l l l l l l l l l l l l l l l l I I  
541 GGCTGGAGT ACTGGTATGCGTTGEJulU~AGAATTCTAAATATTACAACTACACT CTCTATCAACGGE~AGGCACGGAAGCATGGTGAG 
G W S Y W Y A L E K N S K Y Y N Y T L S I N G I( A R I( H G E 
630 
20/* 
AACTATAGT GT GGACTACCTGACAGATGTTTTGGCTAATGTCTCCT GGACTT TCTGGA(~TACAAGTCC/~U~CTTTGAGCCCTTCT ATG 
I l l l l  I [ l l l l [ l l l l l l l l l l l l l  II I I I I I  [ l l l l l [ l l l l l [ l l l l  I [ l l l l l l l l l [ l l f l l l [  I l l l l l  I I I l l [ l l l  
631 AACTACAGTGTGGACTACCTGACAGACGTCTTGGCCAATGTCTCCTTGGACTTCCTGGACTACAAGT CCAACTCTGAGCCATTCTTCATG 
N Y S V D Y L T D V L A N V S L D F L D Y K S N $ E P F F 14 
720 
234 
ATGATCGCC/~CTCCAGCGCCTCATTCGCCTTGGACAGCTGCACCTCAGTACCAGAAGGCTTTCCAGAAT r, CTTTGCACCAAGAAACAAG 
I I I I I I  I I I I  I I I I I  I! I l l l l l l l  I I I I I l l l l l l l l l l l l l l l l l l l l l  II I I I l l l l l  I I I I I  I I I I I I I I I I I I I I I  
721 ATGATCTCCACCCCAGCACCCCA•TCGCCATGGACAGC•GCACCTCAG•ACCAGAACGCC••CCAGAACG•CTTCGCACCAAGAAACAAG 
14 I S T P A P H S P W T A A P Q Y G N A F g N V F A P R N K 
810 
264 
AACTTCAAC/~TCCATGGAAI:GAACAAGCACTGGTTAATT/~,GGCAAGCCAAGACT C AATGACTAATTCTTCAATACAGTTTTTAGATAAT 
I I I I I I I I I I I I I I I I I I I I l i l l l l l l l l l l l l l l l i l  I l l l l l l l l l l l l  I I I l ] l l l l l l ] l l l l l i l l l l l l l l l l l l l l l l l l  
811 AACTTCAACATCCATGGAACGAACAAGCACTGGTTAATTCGGCAAGCCAAGACCCCAATGACTAATTCTTCAATA•AGTTTTTAGATAAT 
N F N I H G T N IC H W L I R Q A K T P 14 T N S S I Q F L D N 
900 
294 
GCATTTAGCd~kAAGGTGGC/~3~ACTCTCCT(~TCAGTTGATGACCTTGTGGAGAAACTGGTCAAGAGGCT~GAGTTCACTGGGGAGCT C A . 
I I I I l l l l l  I I I I I I I I I I  I I I1[ I I I I I I I I  I I I I I I I I I I I I I I i l i  I I I I I I I I I  I I I [ l l l l l l  I I I I I I I I I I I I I  
901 GCATTTAGGGAAAGGTGGCAGACTCTGCT CTCAGTGGATGACCTTGTGGAGAAGCTGGTCAAGCGATTGGAGTT CAATGGGGAGCTCAAC 
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991 AACACCTACATCTTTTATACCTCAGACAACGGCTATCACACAGGACAGT T TCTTTGCCAATAGACAAAAGACAGCTGTATGAATT TGAT 




I I I I I I l [ l l l l l l  I I I I I I l l l l l  I I I I I I I I l l l l t l l l l l l l l l l l l l l l l l l l l l l  l l ] l l l l l l l l l l l l l l l l l  I I I I I I  
1081 ATCAAAG••CCACTA•TGGTTCGAGGGCCTGGGA•CAAACCAAATCAGACAAGCAAGA•GCTCGT•GCCAACATTGAC••GGGCCC•ACT 
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1171ATTTTG~ATTG~GGG~TATGG~T~T~CCA~TG~TGG~TGTCTTTCTTGCCCATTTTGA~GGGGCCAGT~TCT~CT126~ 
I L D I A G Y G L N K T O N D G H S F L P I L R G A S N I. T 414 
TGGCGATCAGATGTCCTGGTGGAATACCAAGGAGAAGGCCGTAACGTCA~.TGACCCAAC/~TGCCCTTCCCTGAGTCCTG~CGTAT~:TCA/~ 
I I I I l l l l l l l  I l l l l l l l l l l l ] l  I I  I l f l l l  I I I  I I I I I l l l  l l l l l  I I I I I I I I I I I I ]11111111 II l i l l l ]  
1261 X GGCGATCAGACGT CCTGGTGGAATATCAGGGAGAAGGCCGCAACGTCACCGACCCCACGTGTCCTTCCCTGAGTCCTGGAGTGTCTCAA 
W R S D V L V E Y g G E G R N V T 0 P T C P S L S P G V !; Q 
1350 
444 
TGCTT CCCAGACTGTGTATGT GAAGATGCTTATAACAATACCTATGCCT~,TGTGAGGAC/~,ATGTCAGCATTGTGGAATT'['GCAGTAT TGC 
II I I I I I  I I I I I I I I  I l l l l l l l l l l  I I I I I  IIIit]11111111111111 I I I I I  I I I l l ] l l l  II II I l l l l i l  
1351 TGTTT CCCTGACTGTGTGT GT GAAGATGCATATAATAACACCTATGCCT GT GTGAGGACCATGTCGGAACTGTGGAACTTACAATATTGC 
C F P 0 C V C E D A Y N N T Y A C V R T 1,4 S E L ~ N L O v C 
1440 
474 
GAGTT TGATGACCAGGAGGI"GTT GTAGAAGTCTATAATCTGACTGCAC~CCCAGACCAGATCACTAAC/~TTGCTAAAA(~CATAC.d~.CCCA 
I I I l l l l l l l l i l l l l l i l i l l l  l l l i l l l [ l l l l  I I I l i l l l l l l l i l l  I I I I  I l l  l l l l l l l l l l l l l l  i l l l l  J i l l  
1441 GAGTTTGATGACCAGGAGGT GTTCGTAGAAGTCTATAACCTGACTGCAGACCCACACCAACTCAATAACATT GCTAAAAGCATAGACCCA 
E F D D Q E V F V E V Y N L T A D P H O L N g ] A K S ] D P 
1530 
504 
GAGCTTTTA~,GAAAGAT GA/~CTAT CGGTTAATGAT GTTACAGTCCTGTTCTGGGCCAACCTGT CGCACT(~CAGGGGTTTTTGACCCCGG/~ 
I I  Jr I I  I I I I I I  I l l l l ' l ' l l l l l , , l l l l  I , ,  , , I I I I  I I I I I I I I I  I l l l l  l l l l l l l l  I , , l l l l l l  I I I l  I I I I I l l ' , l l l  
1531 GAG•TTCTGGGAAAGATGAACTATCGGCTGATGATGTTACAGTC•TGCTCTGGACCAA•CTG•CGCACTCCAAGGGTCTTTGACCrCGGG 
E L L G K M N Y R L M M L Q S C S G P T C R T P R V F D P G 
1620 
534 
TACAGGTTT~T~ACCCCCGTC'r AT GTTCAGCAATCGCGGCAGTGTCAGGACTCGAAGATT'['TCCAAACATCTTCTGTAGC~,ACCTCACAC/~ 
II ] I I I I I I I I I I  It I I I I I I I I I I I I I I I I  I I I  I I I I I I I I  I I I I I I I I  II I I I I I  I I I I I I I I ]1  
1621 TATAGGTTTGACCCTCGCCTCATGTT CAGCAATCATGGCAGCGTCAGGACACGAAGATTCTCAAAACACCTTCTGTAGC . . . . . . . . . . . .  




I I I  I I I  I I I I I I I  II]1 I II]11111111 II]]11111 IIIII]1111111111]111111111111111 I I I I  III 
1700 A•CTGTG•G•TTGGATCT•TG•T•A••T•TTT•TGATGAA•TGATT•GA•TAGGTGTCT•TAG•TAGT•TTCAA•A•CA••••TGGAAGG 1789 
GTTTCTGG~CTGGCTTTAAGTCCTGTTT~GCAACCCAGTCAGCTGACTTC~TCGTGCAAT~T~TTAAA~CT~TG/~ACT~TGCCCA 
I l l i l l l l  II]1111111]1111111111111111111111 Iit11111111111 I I I I I I I I I I ]11]1  I I I I I l l l l l l l l l  
1790 GTTT•TGGA•T•GCTTTAAGTC•TGTTTGAAAAAGCAACCCAATCAGCTGACTTCCTTGTGCAATGT•TTAAAACTGTGAACTCTGCCTG 1879 
TGTGTCAGC~GTGGCT~TCT~TG~T~TCTTcCTTTAGCTGACAAGGACACTCCTGAGGTCTTTGTTCTCA~TGTATTTTTTTTATCcTGG 
I I  I I I I I I I ' " I I I I1 , ,11 , , ,  I I I I l l  ]I I ] ] I I I I  II I I I I I I I I  II I I I ] l l l l ] l l l l  I I l i l l  '~ , I ]] I  
1880 TGTGTcAGGAGTGGCTGTCCCTGGTCCCTTTATTTAGCAGATGACAATACTCCTCAGATCTTTGTTCTCACCAAACCCTTTTTGTCCTGG 1969 
I I I I I I I I I I  II I l l l  I I I  I I l l l  I I l l  I II II1[ I I I I I I I I I l l l l l l l l ]  I I l l l  l 
1970 GGCCACAGTTTTTAATTAGTCCCCATGTGAT . . . . . .  CTGGACTTATAAATCCATTCAGATAAATGGCACTGCTTTGG . . . . . . . . . . . .  T 2042 
CACACAGAT C^CCmTG TAT T C TGACCT TC G C TGTG ACCAmCA . GCAC.CACiATCm, T 
I I I I I I I I  IIII111111111 II I I I I I I I I  I l l i l l l  I I I I I I  I I I I I I I I I I I I I I I I i l l l l  
2043 G~GGTG~GAAATGTTTTGGGTATCCAG~TTGAC~TAAAATCGGAGGACCTGCATAGCATTCCAGATTAAGCACTTCACTATCAA/gfLATA 2132 
CTAACAT CACATGGCTTGAAGAGTAACCATCAGAGCTC~T CATCCAAGiAAGAACAAGTACCAT GTT GATTGATAAGTAGAGATACAT 
I II I l l l l l l l l l ] ] l l l l l  I l l l l l l l ] l l l l l l  II I ] I I I  II1[ I I I l l l l  I I I I I I  I I I  I I I I ] ]  
2133 C•AATATCACATGGCTTGAAGAACCACCATCAGAGCTGAACCACCTGATTAAAGACAAAAACCATTGGTTTTAGATA-GTAAAAATACAC 2221 
"'TAT A G.CATCAC GTGTGG  GTTGC T C U CATG CACCC CTCT .CATG mTGT TC 
I I ] l l ] l  ]1 I I I I I I I  f i l l  I I I I I I  [ l ] ] l l l l l l l l  I I l l  I I I I I l l l l i l l l l  I I I I I I  I]1111 
2222 TTTTTATAATAA•CATCACAATGTGATAAGGT•ACAAATTCAAAACTTATCAACCAAGCTCTGTTCA••TTTTTGGGAATTCTGGGCTTG 2309 
2310 TGCTTCATTGAAATAGAAC/~ATAG~AAGCTTTTGGTACAGGCTAATTCTAAGTAGTTACTGAAGGTGATAGACATCTACTTGCCAGTGAC 2399 
2400 TTCTCAC 2406 
Fig. l. Caprine N-acetylglucosamine 6-sulfatase cDNA with its deduced amino acid sequence and comparison to the human sequence [3]. Dots (...) 
indicate where gaps have been placed for optimal alignment. 
quence. This area was PCR amplified using an antisense 
primer based on the human 5' untranslated region [3] and 
sense primers based on the 5' end of the caprine clones. 
This region was very GC rich, thus requiring use of 7.5% 
DMSO to amplify this segment. PCR reaction products 
were separated by 2% agarose (Nusieve 3:1, FMC Bio- 
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DNA SEQUENCE 
HUMAN:  CACCTGCCCTC CTGCAGCCCAGCG . . . . . . . . . . . . . . . . . . . . . . . .  CTGCTACTGCTGGTGCTGGGCGGCTG 
+ + + + + + + 
GOAT • CACCTGCCCTCCGGCAGCCCAGCG. . .  CCACCGCCGCCGCCGC~CTTCTGCTGCTGCTGCTAGGTGGTTG 
+ + + + + + 
BOVINE : CACCTGACCTCCGGGAGCCCCGCGCTACCGCCGCCGCCGCCGCTGCTGCTGCTGCTGCTGCTGCTAGGTGGTTG 
PROTEIN SEQUENCE 
HUMAN:  H L P S C S P A L L L L V L G G 
+ + 
GOAT : H L P S G S P A P P P P P P L L L L L L L G G 
+ + 
BOVINE-  H L T S G S P A L P P P P P L L L L L L L L G G 
Fig. 2. Comparison of the caprine proline-rich segment of the signal peptide with the bovine and human counterparts and its associated nucleotide 
sequence. Plus signs (+)  indicate a difference in the goat vs. human or bovine sequence; dots (...) indicate where gaps have been placed for optimal 
alignment. 
products) electrophoresis and sequenced. Amplicons from 
several separate PCR reactions were sequenced for three 
goats. The 5' sequence was also obtained for bovine cDNA 
using a similar protocol described above. 
The entire coding region of G6S was verified by se- 
quencing RT-PCR products from goat RNA. Either 
oligo(dT) or antisense primers were used for cDNA syn- 
thesis. Typically, 300-400 bp amplicons were produced 
using standard reaction conditions with AmpliTaq DNA 
polymerase (Perkin Elmer Cetus) and primers based on 
caprine G6S clone sequences. Some amplicons obtained in 
low yield required reamplification or nested PCR before 
sequencing. These amplicons were either diluted and ap- 
plied directly to the subsequent PCR reaction or they were 
first separated by electrophoresis (2% Nusieve GTG,FMC 
Bioproducts) and capillary gel plugs of the bands interest 
used as a template for the PCR. 
Goat G6S cDNA and its deduced amino acid sequence 
are shown in Fig. 1. This goat cDNA codes for 559 amino 
acids as compared to 552 amino acids for the human G6S. 
Homology between the goat and human cDNA sequences 
was 88% and 94% from the nucleotide sequence and 
amino acid sequences, respectively. 
Analysis of the caprine and human [3] amino acid 
sequences using the weight-matrix approach [5] predicted 
that the most likely signal peptide cleavage site for the 
goat peptide was on the N-terminal side of Ser-51. Com- 
parison of the caprine nucleotide and deduced amino acid 
sequences of the signal peptide with those of the human 
counterpart yielded homologies of 84% and 76%, respec- 
tively. This lower homology was accompanied by the 
presence of a proline repeat with an extra leucine in the 
goat sequence, Pro-6,Leu, that was not present in the 
human sequence (Fig. 2). This proline-rich stretch was 
confirmed by amplifying and sequencing this same cDNA 
segment in two other goats. 
The signal sequence of another uminant was studied 
for comparison with the goat. The bovine sequence in this 
same cDNA segment was Leu,Pro-5,Leu-2 (Fig. 2). Com- 
parison of the caprine G6S signal sequence to the bovine 
sequence yielded a 95% nucleotide homology and a 92% 
deduced amino acid homology. 
The significance of this proline stretch is unclear. Many 
transcription factors contain proline and glutamine-rich 
domains [6]. However, it seems unlikely that N-acetylglu- 
cosamine 6-sulfatase plays a role in modulating transcrip- 
tion. The non-conservation f a trinucleotide repeat loci 
between species is in agreement with the data of Stallings 
[7] obtained by GenBank database searches. Even in cod- 
ing sequences the length of the trinucleotide r peat was not 
maintained, suggesting that long tracts of homopolymers 
(n > 7) are frequently not critical for protein function [7]. 
In the coding region for caprine G6S, the nucleotide 
homology was 91% compared to the human gene with an 
96% homology for the deduced amino acid sequences. In
the noncoding region, the nucleotide homology was 83%. 
Northern analysis of the caprine G6S mRNA shows two 
species of about 4.0 and 4.9 kb (data not shown) similar to 
the two large human G6S transcripts [8]. 
Knowledge of the entire cDNA sequence for G6S en- 
abled determination f the DNA defect for caprine Sanfil- 
ippo D syndrome. A stop codon in the 5' coding regions 
was identified [9]. 
This work was funded by NS 16886 (M.Z.J.) and 
National Health and Medical Research Council of Aus- 
tralia (J.J.H.). 
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